We report systematic first principles density functional study on the electronic structure, elastic and optical properties of nitrogen based solid hydrogen storage materials LiNH 2 , NaNH 2 , KNH 2 , and RbNH 2 . The ground state structural properties are calculated by using standard density functional theory and also dispersion corrected density functional theory. We find that van der Waals interactions are dominant in LiNH 2 whereas they are relatively weak in other alkali metal amides. The calculated elastic constants show that all the compounds are mechanically stable and LiNH 2 is found to be stiffer material among the alkali metal amides. The melting temperatures are calculated and which follows the order RbNH 2 < KNH 2 < NaNH 2 < LiNH 2 . The electronic 
I. INTRODUCTION
Hydrogen, being the most abundant element in the universe is considered to be the best choice as future energy source. The superior qualities of hydrogen such as light weight, high energy per unit mass and eco-friendly combustion products enabled it a suitable replacement for current carbon based energy resources. However storage of hydrogen is a difficult problem. To store hydrogen as a compressed gas, high pressure tanks are required and the storage in liquid state needs insulated cryogenic tanks. Both these are not suitable for practical applications as storage in gaseous state leads to low energy density while safety and cost are major concerns for the storage in liquid state. Therefore solid state hydrogen storage is the only choice to look at the issue and it requires search for solid materials that can store hydrogen with volumetric densities greater than those of other states of hydrogen storage.
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Hydrides of light and heavy metals exhibit qualitative solid-state hydrogen storage properties such as high volumetric densities and low pressure desorption.
2 But, the slow absorption and desorption kinetics limits their practical use. On the other hand, complex hydrides consisting of light metal elements have been noticed as materials with fast hydrogen kinetics and most importantly they can store hydrogen in greater percentages over simple metal hydrides. Complex metal hydrides with potential solid state hydrogen storage applications are classified as alanates, borohydrides, and amides. 3 Among the complex metal hydrides, nitrogen based materials namely amides received much interest because of their high hydrogen storage capacity and low operating temperatures. 5 Most importantly, alkali metal amides gained interest because of their potential reversible hydrogen storage applications.
6
The first report on alkali metal amides KNH 2 and NaNH 2 appeared in the beginning of 19th century by the authors Gay Lussac and Thenard and later in 1894, Titherley reported the synthesis of LiNH 2 . 7, 8 These metal amides were traditionally used as reagents in organic synthesis. 9, 10 However, it is only in the year 2002, Chen et al. discovered LiNH 2 as a potential candidate for reversible hydrogen storage applications and hence paved new insights in to the hydrogen storage application of these materials. 6 In general for any solid state hydrogen storage system, the important characteristics are the following: the material should have high volumetric as well as gravimetric hydrogen densities, fast hydriding and dehydriding characteristics, and suitable thermodynamic properties. It is a known fundamental aspect that the hydrogen absorption and desorption properties can be well judged through the knowledge of electronic structure and bonding. Moreover, the physical properties such as the elastic and optical properties are much important to understand the mechanical stability and optical response of solid state hydrogen storage materials. In addition, these are necessary in determining the thermodynamic properties of these kind of materials.
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Theoretical calculations based on density functional theory are accurate enough to predict and reproduce the experimentally measured quantities. The electronic structure of LiNH 2 was reported by using first principles plane wave pseudopotential calculations and the authors found that the material has non-metallic nature. 12, 13 Recently, the electronic structure of LiNH 2 was determined through XAS studies and the results are found to compliment the earlier theoretical reports. 14 Elastic constants of LiNH 2 were reported theoretically by using the density functional theory calculations. 15 The high pressure behaviour of LiNH 2 was reported by using the Raman spectroscopy technique and found that the system undergo a phase transition from ambient tetragonal α-LiNH 2 structure to high pressure β-LiNH 2 phase. 16 Theoretically pressure-induced structural phase transitions of LiNH 2 was reported by using the ab-initio total energy calculations and evolutionary structure prediction simulations. 17, 18 By using combined synchrotron X-ray diffraction measurements and ab initio density functionals, the pressure-induced phase transition with large volume collapse (11%) in LiNH 2 was reported. 19 The high pressure behaviour of NaNH 2 was reported by using Raman and Infrared spectroscopies 20 and also through evolutionary structure simulations.
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To the best of our knowledge, there are no comparative studies available to explain the structural, electronic, elastic and optical properties of the alkali metal amides LiNH 2 , NaNH 2 , KNH 2 and RbNH 2 . Hence, in this present work we aim to study these properties by performing density functional theory calculations. The rest of the paper is organized as follows: section 2 deals with the computational details and theoretical methods used in the present study. Results and discussion are presented in section 3. Finally in section 4, we end with a brief conclusion of the present study.
II. COMPUTATIONAL DETAILS
The density functional calculations are carried out with the plane wave pseudopotential method 22 . Vanderbilt type ultrasoft pseudopotentials are used for the present calculations.
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The electronic wave functions are obtained by using density mixing scheme and the struc- 
29,30
It is well known that the standard density functional methods are not adequate enough to treat the weak dispersive interactions present between the molecules of the crystal. To treat vdW interactions efficiently, recently Grimme successfully applied the vdW correction to the exchange -correlation functional of standard density functional theory (GGA-PBE+G06) at semi empirical level. 31 According to semi-empirical dispersion correction approach proposed by Grimme, the total energy of the system can be expressed as
where
here C 6,ij is called dispersion coefficient between any atom pair i and j which solely depends upon the material and R ij is the distance between the atoms i and j respectively. In the present calculations, the C Starting from the optimized crystal structure all the related properties have been calculated.
The elastic constants were calculated by using stress-strain method as implemented in the CASTEP code.
III. RESULTS AND DISCUSSIONS

A. Structural properties
At ambient conditions, LiNH 2 crystallizes in tetragonal structure with space group I-4 (82) (z=4) (shown in Figure 1a ) 32 and NaNH 2 crystallize in orthorhombic structure with space group Fddd (70) (z=16) (shown in Figure 1b ). 33 Whereas both KNH 2 and RbNH 2 crystallize in monoclinic structure with space group P2 1 /m (13) (z=2) (shown in Figure   1c ). 34 The corresponding reciprocal lattices with Brillouin zone for LiNH 2 , NaNH 2 , and KNH 2 (same for RbNH 2 ) are also shown in the Figure 2 (a), 2(b) and 2(c) respectively. All the calculations are carried out by adopting the experimental crystal structures as the initial structures and they are relaxed to allow the ionic configurations, cell shape, and volume to change in order to predict the theoretical equilibrium crystal structure within standard density functionals LDA (CA-PZ), GGA (PBE) and with dispersion corrected density functional GGA (PBE+G06). The optimized lattice parameters and internal atomic positions of metal atom M (Li, Na, K, Rb, Cs), nitrogen N and hydrogen H are tabulated in Table I and Table   II along with experimental data respectively. It can be seen that the calculated GGA (PBE)
values are in good agreement with experiment when compared to LDA (CA-PZ) and GGA (PBE+G06) results. This implies that the dispersion interactions do not play prominent role in these systems as the volume computed with PBE+G06 functional results in large errors compared to PBE volume, except for the case of LiNH 2 . Therefore, to calculate the elastic constants, electronic and optical properties we adopted the GGA (PBE) functional. 
B. Elastic properties
For solid hydrogen storage materials, elastic constants and the related properties are important as they give information regarding the atomic bonding, compressibility characteristics, and phonon properties. Moreover, it was noticed that there is a correlation between the elastic constants and the melting temperature of a solid. 35 Hence, it is necessary to get the knowledge of elastic constants of alkali metal amides MNH 2 (where 'M' is metal atom)
for determining their thermodynamic properties, e.g. melting temperature (Tm).
By using Hooke's law, for small deformations of a crystal the stress and strain are linearly related by where σ ij is the stress tensor, ǫ kl is the strain tensor and C ijkl is the elastic stiffness tensor.
By following the Voigt's notation 36 , this equation can be reduced to
where xx, yy, zz, yz, xz, xy replaced by 1, 2, 3, 4, 5, 6 respectively and therefore C ij form a 6x6 matrix. Due to the structural symmetry, the maximum number of independent parameters can be reduced to six for tetragonal structure, nine for orthorhombic structure and thirteen for the monoclinic structure.
The calculated elastic constants C ij of MNH 2 are displayed in Table III . To the best of our knowledge there are no reports available on the elastic constants of the alkali metal amides except for LiNH 2 . The computed elastic constants of LiNH 2 in the present work are in good comparison with those of earlier theoretical reports based on GGA calculations.
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The knowledge of elastic constants are useful to know about the mechanical stability of the metal amides through Born stability criteria. The calculated C ij satisfy the Born stability criteria for tetragonal, orthorhombic and monoclinic crystals. orthorhombic NaNH 2 and monoclinic KNH 2 and RbNH 2 are mechanically stable systems.
For complex hydrides, the elastic constants C 11 , C 22 , and C 33 are much important as they give necessary information regarding the atomic bonding characteristics along a, b, and c-axes respectively. For all the compounds we find that the elastic constants follow the order C 11 > C 22 > C 33 except for LiNH 2 . For the case of LiNH 2 , the elastic constants C 11 and C 33 are almost identical with C 33 slightly smaller than C 11 which might be due to the fact that the similar atomic bonding along the (1 0 0) and (0 0 1) planes. Overall, the ordering of elastic constants suggest that the lattice would be more compressible along c-direction when compared to other axes. This fact is confirmed by the recent experimental high pressure study of LiNH 2 which suggests that the c-axis is more compressible over a-axis. 19 Therefore the present study of elastic constants would be useful for future high pressure experiments on the other metal amides to assess their compressibility behavior. By using the elastic constants, we have calculated the melting temperature (T m ) of the amides through the formula given by Fine et al 38 T m = 354 + 4.5 (2C 11 + C 33 )/3. Clearly, there is a correlation between the bulk modulus B and the melting temperature T m of the alkali metal amides.
The trend of calculated melting temperature T m of MNH 2 follows, RbNH 2 (T m = 464.6 K)
< KNH 2 (T m = 481.5 K) < NaNH 2 (T m = 543.8 K) < LiNH 2 (T m = 564.8 K) same as that of bulk modulus B of MNH 2 as it follows the order RbNH 2 < KNH 2 < NaNH 2 < LiNH 2 .
The calculated elastic constants allow us to obtain the polycrystalline mechanical properties such as bulk moduli and shear moduli via Voigt-Reuss-Hill approach. 39 The calculated polycrystalline elastic properties of MNH 2 are presented in Table III . We find that the polycrystalline bulk moduli B H of the amides are much smaller than typical metals and intermetallic compounds, which indicates that all MNH 2 are highly compressible materials.
Further, the bulk modulus value decreases with increase in size of the metal atom, implies higher hardness for LiNH 2 . It is interesting to note that the bulk modulus can be directly correlated with the inverse of the density of the materials. From Table I , the density of the metal amides increases from LiNH 2 to RbNH 2 which is inverse to the bulk modulus of the compounds as given in Table III phenomena was also observed in the case of alkali metal azides with azide anion units 45, 46 which are analogous to alkali metal amides with a positive cation and negative anion. 
D. Optical properties
Metal hydrides received tremendous interest by the researchers in recent years due to their potential applications as optical devices. It is thus required to get the knowledge of important optical properties of the metal amide systems. 47 For the metal hydrides LiH, NaH, MgH 2 , LiAlH 4 , NaAlH 4 , and MgAlH 4 the optical properties such as complex-dielectric function were reported by using the first principles calculations. 48 The optical properties of boron based complex metal hydride NH 3 BH 3 and its metal derivative Ca(NH 3 BH 3 ) 2 were studied by using plane wave pseudopotential method. 49, 50 To the best of our knowledge, there are no reports available on the optical properties of the alkali metal amides. Hence, in this present study efforts have been taken to study the optical properties such as complex di-electric function ǫ(ω) and refractive index n(ω) of alkali metal amides.
In general the optical properties of matter can be described by means of the complex 
here ψ C and ψ V are the wave functions in the conduction and valence bands, p is the momentum operator, ω is the photon frequency, andh is reduced Planck's constant. The real part ǫ 1 (ω) of the dielectric function can be evaluated from ǫ 2 (ω) by using the KramerKroning relations.
where 'P' is the principle value of the integral. The knowledge of both the real and imaginary parts of the dielectric function allows the calculation of the important optical properties such as refractive index n(ω) through the following equation
To calculate the optical properties, it is important to use a sufficient number of k-points in the Brillouin zone because the matrix element changes more rapidly within the Brillouin zone than electronic energies themselves. Therefore, one requires more k-points to integrate this property accurately than are needed for an ordinary SCF calculation. Hence in this study we use a k-point mesh of 8x8x6, 8x7x8, 12x12x12 for LiNH 2 , NaNH 2 , and KNH 2 , 
IV. CONCLUSIONS
In conclusion, we have studied the structural, electronic, elastic and optical properties of alkali metal amides. We find that GGA functional with PBE parameterizations give better results when compared to the LDA functional. Among the alkali metal amides LiNH 2 has larger bulk modulus due to which the material is stiffer when compared to the other amides. 
